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EUSTIS DIRECTORATE POSITION STATEMENT

The issue of helicopter reliability growth during development has,-been a major area of
concern within the Army R&D community for several years. The findings presented in

r this report represent a significant step toward gaining a much improved insight-into
reliability growth rae and the'factors that controlit. Attention is specifically directed-
to the findings pertaining tothe rather smallfgrowth which one should expect during -the
development phase; this directly contradicts previously established positions that
substantial reliability growth during the early portion of the developmental phase was
achievable. The contractor's position that lead time for corrective actions prohibits any
significant growth during the development phase is well founded and-considered to be
fully-acceptable. The findingspresented in-the-report are recommended for direct use,
in new helicopter system development prograt wtest planning. However, this Directorate
believes that thesubject of reliability growth for helicopters will never lend-itself to exact
quantification; consequently, the reader should examine in detail all assumptions provided
inthe report prior to direct use of the program results.

Thomas L. 'House of the'Military Operations Technology Division served as Project
Engineer for this effort.
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The findings in this report are not to be construed as an official Department of the Army position unless so
designated by other authorized documents.

When Government drawings, specifications, or other data are used for any purpose other than in connection
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or in any way supplied the said drawings, specifications, or other data is not to be regarded by implication or
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permission, to manufacture, use, or sell any patented invention that may in any way be related thereto.
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-1 PREFACE

This report provides a historical reliability growth assess-
ment for the UH-lD and AH-lG helicopters and a reliability
growth prediction technique for helicopters. The analysis was
conducted under Contract DAAJ02-73-C-0097 for the Eustis1. Directorate, U. S. Army Air Mobility Research and DevelopmentLaboratory (USAAMRDL), Fort Eustis, Virginia, with technical

direction provided by Messers. T. L. House and V. W. Welner.

The author wishes to express appreciation for the technical
assistance of Messrs. J. A. Gean, Chief of Reliability,
Maintenance Technology, and System Safety, Bell Helicopter
Company, and G. E. Knudsen, Group Engineer for Reliability,
Bell Helicopter Company. Their efforts made a significant
contribution to the performance of this program.
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1.0 INTRODUCTION

The prediction and measurement of reliability growth during
the development of new systems has become a major issue in
the Department of Defense. The program planning requirements
for UTTAS (Utility Tactical Transport Aircraft System) and
AAH (Advanced Attack Helicopter) dictate that reliability
milestones be established and the development test effort be
tailored to achieve the projected reliability growth for the
new systems. It has become apparent that the only reasonable
way to derive expected reliability growth rates is to perform
an in-depth analysis of previously developed similar systems.
Helicopter reliability growth histories can be explored, and
from extrapolation of the data a prediction technique may be
formed. Although certain work has been conducted to under-
stand reliability growth for helicopter major dynamic com-
ponents (transmission, rotor heads, etc.), an analysis of
system level growth has not been accomplished.

There is currently a prediction technique, the RPM (Relia-
bility Planning and Management) method,1 that works quite
well for complex electronic equipment. It is statistically
sound and easy to apply. Because of this, it is tempting to
apply it to systems that it does not fit. Further, it re-
quires an execcise in engineering judgment in selecting
values for its parameters. Small errors in selecting these
values can cause large errors in test time requirements. In
addition, there has not been a study to substantiate its use
for helicopters.

The goals of this study were to evaluate the reliability
growth histories of three helicopters, the UH-lD, the AH-lG,
and the OH-58A, and to determine growth characteristics and
parameters that may be applicable to future aircraft develop-
ment. Early in the analysis it was found that the data
required to support an analysis of the OH-58A reliability
growth was not available. This aircraft was dropped and the
study was centered around the UH-lD and AH-lG. An account of
the factors leading to termination of the OH-58A analysis is
presented in Appendix A. The UH-ID and AH-lG growth histories
were evaluated to determine if they are typical of the RPM
technique. If they are not typical, then a basis for a

'Miller, S. G., and Selby, J. D., Reliability Planning and

Management (RPM), The General Electric Company, Utica,j New York, .September 26, 1970.

1
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.1b viable prediction technique must be developed. The UH-ID and
AH-lG are, respectively, utility and attack helicopters which
have been produced and used in large auantities for sufficient
flight hours to make their use feasible in such an evaluation.
Further, under the M&R program, 2,3,4 a controlled sample of
helicopters from each UH-lD and AH-lG fleet was monitored for
failure and unscheduled maintenance actions. These data were
subsequently used to introduce design changes. These in turn
led to the reliability growth experienced by these two air-craft. The data from the M&R program were used in this study
to determine the rate of reliability growth and to determine
the growth characteristics of the UH-lD and AH-lG.

In addition to the M&R program, there were other data sources
j investigated in support of this study. Several analyses were

conducted, but did not further this study. Appendix A
presents these sources with the various reasons for their
rejection.

The Mean-Time-Between-Removals (MTBR) parameter and its re-
lationship to subsystem level reliability growth was inves-
tigated. However, it was found that the data were not in a
form that would allow the required information to be extracted
in a cost-effective manner. Budget and time considerations
dictated that this part of the study be abandoned.

As the study progressed, it became apparent that many factors
influenced reliability growth and had to be examined. It
also became obvious that the time and funds available limited
the depth of examination of all factors and required careful
direction of the effort in order to accomplish the most with
the funds available.

2Contract AF 33-657-11111, UH-I Maintainability and Reliability
(M&R) Program, May 1965 through January 1966.

3Contract DA23-204-AMC-03694(T), UH-I M&R Program, January 1966
through April 1967.

4Contract DAAJ01-67-C-1588(G), UH-I/AH-I M&R Program, April 1967
through June 1970.

14
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Some of the factors affecting reliability growth are:

- rate of test time accumulation

• " - rate of failure mode identification

- rate of problem corrective action initiation

-cost of corrective action

-time lag between initiation of corrective action
and the incorporation of redesigned hardware
on the helicopter

)j - program intensity

These and other factors were examined for their individual
impact on reliability growth.

t1

515



2.0 APPROACH.l
2.1 BASIC CONSIDERATIONS

In the past, references to reliability growth have beeni associated with development programs for new equipment. For i
that reason, the original intent of this contract was to

closely examine bench test records, quality conformance
tests, and flight test records. It was planned that data
could then be extracted from them that would allow relia-
bility growth tracking during their development period. In
examining these records, it became obvious early in the
program that the required information was not available in
any form that would allow reliability growth to be tracked
against test hours. Further, none of the three aircraft had
formal reliability programs during development. However, the
UH-lD and the AH-lG were subjects of an M&R program duringI their early production years. It is reasonable to assume
that the periods of R&M monitoring are the development phases
of these aircraft since a concerted effort was being made to
eliminate specific failure modes.under a controlled program.
A 2400-flight hour reliability and maintainability demonstra-
tion was the only test program conducted on the OH-58A produc-
tion aircraft. Only two aircraft of the same fiscal year
model were used. Although current reliability was tracked,
reliability growth was not. The data were not used specifi-
cally for eliminating failure modes. Design changes were
made based on the data; however, this did not constitute a
development program. Therefore, no attempt was made to use
the data for reliability growth study purposes.

Subsystems not required for flight by the basic helicopter
were not considered in this study. This was done to eliminate
hardware not common to the UH-lD and the AH-lG, and to keep
the subject of the study centered around the air vehicle.
For these reasons, communications and navigation avionics and
weapons subsystems equipment were not considered in the
aircraft failure rates.

The goals of this study were accomplished by the following
tasks, discussed in chronological order. The UH-lD and AH-IG
reliability growth histories were examined and significant
characteristics discussed. The growth histories were then
compared to each other, establishing those points where they
are alike and where they differ. Included is a discussion of
the various stimuli that influenced the reliability growth
rates of the helicopters and the effect that each may have
had. Next, the parameters of the RPM technique for relia-
bility growth prediction were applied to the growth histories

16
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of the two aircraft. A limited prediction technique was then
developed based on the reliability growth experiences of the
UH-lD and AH-lG.

2.2 APPROACH TO RELIABILITY GROWTH ASSESSMENT OF UH-lD AND
AH-lG HELICOPTERS

f 2.2.1 Factors That Led to Use of M&R Program Data

Reliability growth of UH-lD and AH-lG helicopters was attained
by detecting and defining existing and potential problems and
by initiating and incorporating corrective action. The UH-I/
AH-I M&R Program provided the only documented history of such
events including, in most cases, verification of problem
correction. Accountability required for individual failures,
time bases, and corrective actions provided the foundation for
the reliability growth assessment presented in this report.
The M&R data supplied further information on component/system

I description, failure modes, problem analysis, recommendations
and status. The M&R Program for both the UH-lD and the AH-lG
based its activities on failure monitoring of delivered pro-
duction aircraft in their real-life environment. Reliability
growth is evaluated by measurement of those incremental failure
rate improvements induced by each corrective action incorpo-
rated on subsequently manufactured aircraft.

2.2.2 Discussion of UH-lD/AH-lG Helicopters Monitored by the
M&R Program

Neither the UH-ID nor the AH-G had formal reliability programs
during their design phases. Thus, the M&R program had no
development program impact on these aircraft. This and the

Ishortcomings of other sources investigated (see Appendix A)
have precluded attempts to make a historical reliability
growth assessment for these helicopters during the period
between program inception and first flight. This study
investigated reliability growth beginning with initial air-
craft deliveries.

M&R program data covered more fiscal year (FY) configurations
for the UH-lD than it did for the AH-lG. In the course of the
program, begun in June 1964, five fiscal year configurations
of the UH-lD were monitored. The data include FY62 through
FY66 aircraft, with monitoring ending August 1967. Records of
corrective action production effectivity permitted reliability
growth to be calculated through the FY69 production UH-ID.
AH-G failure monitoring began in June 1967 and ended with
program termination in October 1969. Included were data
samples from FY66, FY67, and FY68 aircraft. Corrective action
effectivities permitted reliability growth to be calculated

17



through the FY70 production AH-lG. Reliability growth for
eight FY production models of the UH-lD is compared to that
for five of the AH-lG.

Reliability growth of the UH-ID and AH-IG resulted mostly from
design changes initiated to eliminate specific failure modes.

Tables 1 and 2 summarize those changes that were made to each
new UH-lD and AH-lG fiscal year model, respectively, that made
it a unique configuration with a corresponding unique MTBF.

{ Nonhardware changes included procedural changes and technical
manual changes.

2.2.3 M&R Indexed Problems Used in the Analysis
The M&R Program Monthly Progress Report 5 was used to establish
the causes for reliability growth and operating or test time

requixed to identify the problems and validate their corrective
action. Information used to establish the facts and chronol-
ogy of these events was found in problem narratives of the
monthly progress report. These problems were assigned an index
number when they were initially researched. In general, seven
occurrences of a failure mode were considered to justify an
investigation to determine whether a problem truly existed.
However, safety-of-flight failure modes were considered to be
identified problems the first time they occurred. Numbers 1
through 133 are UH-lD related problems. Numbers 601 through
883 are AH-lG related problems.

Tables 3 and 4 present summaries of the UH-lD and AH-lG problems
addressed in the progress report. They show equipment failure
rates (where corrective action was accomplished) prior to
corrective action (X0 ) and subsequent to corrective action

(X Notes and comments provide details on individual problem

disposition at the end of the M&R program.

Of the 133 UH-lD problems identified:

- 61 had corrective action.

- 30 were avionics, navigation, or weapons subsystem
equipment failures and thus were not applicable
to this project.

5Fox, R. G., UH-I, AH-lG Maintainability and Reliability
Program (M&R) Monthly Progress Report, Report Number 205-099-
157, Revision AW, Bell Helicopter Company, Fort Worth, Texas
76101, June 30, 1970.
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I - 8 were not considered to be significant at the time
and were closed without corrective action.

- 2 were "lived with" as no feasible solution exists.

j. - 17 had corrective actions proposed which were pending
when the UH-lD portion of the M&R program ended.

- 15 had corrective actions recommended which were re-
jected by the customer.

Rejections were usually based on the lack of cost effective-ness, lead time problems, and other factors recorded in the

minutes of the M&R program monthly meetings.

Of the 283 AH-lG problems identified:

- 92 had corrective action.

- 88 were avionics, navigation, or weapons subsystem
equipment failure and thus were not applicable to this
project.

- 22 were not considered to be significant and were
dropped without corrective action.

1 was "lived with" as no feasible solution exists.

77 either had solutions pending or had investigations
still in progress when the M&R program was terminated.

-3 had corrective action rejected by the customer.

2.2.4 Procedure Used To Analyze the M&R Program Data

The same technique was used to asscss reliability growth for
both the UH-lD and the AH-lG. In general, the analysis is
based on measurement of the change of aircraft fai.ure rate
resulting from corrective action. The corrective actions in
the form of altered designs, deletion of parts, substitution
of parts, configuration changes, procedural changes, etc.,
were inititated to alleviate specific failure modes with known
failure rates. By subtracting from the total aircraft failare
rate the amount by which corrective action decreased these
known failure rates, reliability growth was established.
This was accomplished in the following steps:

- Monitored flight hour values were determined from
computer listings of monitored aircraft. An example
of these listings is presented in Figure 1.

1.9
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The components that experienced a reliability
improvement were determined from problem narratives
in the 205-099-157 UH-l, AH-lG M&R Monthly Progress
Report. An example of these narratives is presented
in Figure 2.
Failure rates prior to corrective action (X )- and

following corrective action (Xi) and the effectivity

dates of the corrective action were established for
those of components that experienced a reliability
improvement. The problem narratives provided the
effectivity of the problem corrective actions. The

- Ifailure rates, k and X1i were determined from failure

counts and time bases. The MTBFo values were computed
by dividing the number of failures experienced by a
component prior to receiving corrective action into
the number of flight hours accumulated prior to the
effectivity date of the corrective action. Taking
the reciprocal of that MTBF provided the failure
rate, Ao" The MTBF values were computed by dividing

0 1
the number of failures experienced by a component
after receiving corrective action into the accumu-
lated flight time following the effectivity date of
the corrective action. Examples of the data listings
from which the failure counts were made are presented
in Figures 3 and 4. Note that many of the corrected
problems exhibited a residual failure rate of zero,
i.e., X = 0. This occurred due to either of two

reasons; the problem component was eliminated from the
helicopter or the redesigned component experienced no
failures during the subsequent monitoring period.

A baseline failure rate was computed from failures
of those components that did not experience a relia-
bility improvement, i.e., received no design change.
This was accomplished by counting those failures and
dividing that number into the total aircraft time
base for a baseline MTBF. The reciprocal is the
baseline failure rate. Tables 5 and 6 are baseline
failure rate summaries for the UH-lD and AH-lG,

.respectively. Failure counts are shown that per-
mitted a baseline failure rate to be calculated for
each subsystem. The sum of the subsystem baseline
failure rates is the total aircraft baseline failure
rate.

20
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""By grouping X 's and X 's of the corrected problems
01

by the fiscal year effectivity of their correction
and summing those rates for each fiscal year with
the baseline failure, the total aircraft failure
rate is computed for each fiscal year. Figure 5
illustrates this procedure. Tables 7 and 8 and
Figures 6 and 7 present the UH-lD and AH-lG growth
summaries.

Note that these plots show the MTBF attained by each FY heli-
copter at the time of its entry into service. The 7.8-hour
off-board value for the YUH-ID is the off-board MTBF as
defined by the Army 1000-hour Logistical Evaluation. The
6.6-hour value for lots 4 and 5 FY 66 AH-lG's is the off-board
MTFB established by early CONUS monitoring of the AH-lG prior
to delivery of the AH-lG to Vietnam.

Note in Tables 5 and 6 the flight hour values used in com-
puting the baseline failure rates. The total M&R program
flight time was 49,947 hours for the UH-lD. However, the UH-lD
baseline failure rate is computed from a time base of 24,824
flight hours. Early in the UH-lD analysis portion of this
study it was believed that the accuracy of the M&R program
data could be increased by selecting only certain aircraft
for use in the analysis. The selection criteria were designed
to:

- eliminate infant mortality failures,

- provide data from aircraft with a continuous monitoring
history,

- omit those aircraft where evidence of incomplete
failure reporting existed, and

-reduce the influence of the first component overhauls.

These criteria resulted in 26 UH-lD aircraft being selected
whose total M&R flight time was 24,824 hours. Selection of
these aircraft was tedious and time consuming. The UH-lD
analysis using those 26 aircraft was performed, with the re-

- sults being presented in this study. Prior to the start of
the AH-IG work, a sensitivity analysis was conducted to
determine what differences in outcome, if any, resulted from

6U. S. Army Transportation Aircraft and Support Activity, 1000-

Hour Logistical Evaluation - YUH-lD, Fort Rucker, Alabama, 1962.
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using selected aircraft versus all of the monitored aircraft.
J No differences were found to exist. Therefore, the AH-lG

analyses were conducted using all of the monitored aircraft.
Since there was nothing to be gained by reworking the UH-lD
analyses using all of the monitored UH-lD aircraft and since
the cost of rework was high, the analysis was left in its
current form.

2.2.5 Cautions Discussed for Programs With Similar' Goals

The intent of the M&R programs was to identify and correct
problems. In accomplishing this, the UH-lD and AH-lG aircraft
experienced significant reliability growth. It is not unreason-
able to review the approach of the M&R program and compare that
to another program designed to accomplish similar goals. The
Eustis/Boeing approach7 deserves particular attention. Its
logic is that:

- If one generally knows the modes of failure that
will occur on components of a newly designed helicop-
ter, reliability tests run for a period twice the MTBF
of a particular failure mode will have an 87 percent
probability of exposing that mode, thus permitting its

S.. correction. Further, if the requirement is to expose
as many failure modes as possible equal to or less than
a given MTBF, testing can be conducted for a period
twice the given MTBF value, then 87 percent of those
failure modes with an MTBF equal to the given MTBF
value will be exposed. For those failure modes with
MTBF's less than the given value, greater than 87 per-
cent will be exposed.

Note that most of the helicopter failure modes listed as identi-
fied and corrected in Tables 3 and 4 have an MTBF equal to or
less than 5,000 hours. Using the Eustis/Boeing approach it
might be logical to assume that a 10,000 test period spread
over several prototype vehicles could have yielded close to
the same results obtained on the UH-lD and AH-lG M&R programs
where monitored flight hours were 50,000 and 66,000 hours,

7 Rummel, K. G., "Helicopter Development Reliability Test Require-
ments," USAAMRDL Technical Report 71-18, from the Boeing
Company, Vertol Division, Philidelphia, Pennsylvania, to
Eustis Directorate, USAAMRDL, Fort Eustis, Virginia, April
1971.
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respectively. However, in making that assumption important
factors evident in the M&R programs may be easily overlooked:

Many failure modes are calendar time dependent. Thus,
a relatively short calendar period test program may
not reveal these failure modes, even though the test
hours are adequate.

A significant number of failure modes are environment

dependent and will not be exposed in a test program
on prototype aircraft. The M&R programs were conducted
on fielded initial production aircraft in their actual
combat environment. Testing in a sterile environment
will expose only those failure modes that are inherent
to the hardware.

Corrective actions initiated for failure modes identi-
fied during a short duration prototype test program
will most likely not be incorporated until the first
production aircraft is produced. Thus, the effective-
ness of a corrective action will not be evaluated while
the test is still in progress. In turn, reliability
growth cannot be fully evaluated. This is not to say
that reliability growth cannot be evaluated while test-
ing is in progress. However, to do so, a pattern of
"test-fail-stop test-incorporate design fix - test to
verify" would be required. Since design changes to
helicopters require long lead times, following such a
pattern would be unrealistic. Equipment and personnel
would remain idLe for long periods and the length of
the program would be prohibitive.

A large amount of test time is required to ensure suf-
ficient exposure of failure modes for problem identi-
fication. In general, seven occurrences of a failure
mode in the M&R program were considered to justify
investigation to determine whether a problem truly
existed. With 95 percent confidence, a particular
failure mode could be expected to be seen on between
10 and 43 percent of the fleet when it was observed
7 times on the monitored sample of 40 aircraft. Moni-
toring a small group of prototype aircraft will not
provide a statistical base for projecting fleet problems
based on the sample.
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TABLE 1. UH-lD CONFIGURATION-CHANGES

DURING MONITORING PROGRAM

Fiscal Year
Aircraft Configuration Changes

FY62 Basic configuration

FY63 Tail rotor sprocket cover redesigned.

FY64 Cargo door stop redesigned for increased
strength.

Redesigned compartment door latches installed.

Shoulder harness inertia reel and manual con-
trol repositioned.

42-degree gearbox input quill Buna-N seal
replaced with silicone rubber seal.

Mesh screen wire added to fuel pump outlet
fitting.

FY65 Cargo hook hole bumper removed from airframe.
Redesigned bumper added to hook.

Doublers added to outside skin panels in

tail-boom.

Self-locking feature added to Rivnuts on skid
gear attach bolts.

Doublers added to upper and lower engine air
induction baffle.

Landing gear cross-tube strap increased in
width.

Stiffener added to lower engine panel assembly.

Hydraulic inspection panel redesigned without
transparent window.

Crimp added to tail-boom fin access door hinge.
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TABLE 1. (Cont'd)

Fiscal Year
Aircraft Configuration Changes

FY65 Transmission mount damper redesigned and wave
(Cont'd) washer added.

Stitching modified for troop seats.

Protective covers added to pilot/copilot seat
assemblies.

I Reconfigured gravity feed hydraulic system
1| added.

I Steel sleeve added between outer bearing
E jsurface and scissor lever bore.

j Redesigned main rotor pitch link rod-end
bearing added.

Tail rotor hydraulic boost cylinder piston
rod size decreased.

Teflon fabric bearing added to synchronized
elevator forward bellcrank.

Improved bearing installed, synchronized
elevator control idler.

Main rotor blade leading-edge material changed
to improve erosion characteristics.

Pitch-horn bolt reversed.

FY66 Engine barrier filter added.

Redesigned clamping installed for
transmission oil hoses.

Threaded oil plub replaced snap-in plug in
transmission.

Swash-plate ring assembly horn redesigned
for increased strength.

kTransmission fairing seal redesigned with
_additional retainers.
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TABLE 1. (Cont'd)

Fiscal Year
Aircraft Configuration Changes

FY66 Engine air inlet filter seal redesigned
(Cont'd) with improved retainers.

Transmission left beam assembly redesigned
for increased tensile strength.

FY67 Vibration dampers added between air inlet
screen and oil cooler blower housing.

Tail rotor drive shaft hanger bearing
replaced with redesigned bearing.

Engine-to-transmission drive shaft redesigned
to include elastomeric boot assembly and
improved couplings.

Swash-plate locking washers changed to prevent
cupping.

Stabilizer bar lever bearing increased in
size.

Door jettison pins material changed to
stainless steel.

Self-locking feature added to tail rotor
control tube nut.

Improved retainers added to transmission
cowl seals.

FY68 Oil-resistant feature added to bulkhead door
seals.

Cargo door rollers redesigned to be less
susceptible to abrasion.

Kacarb bearings added to tail rotor pitch
change link assembly.

Forward roof window changed from Plexi-
glas to polycarbonate.

Main rotor hub seal redesigned to includean elastomer seal.

26
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-__, TABLE 1. (Concluded)

V ]Fiscal Year
Aircraft Configuration Changes

FY68 Tail rotor blade leading-edge material changed
(Cont'd) to improve erosion characteristics.

Starter/generator cooling fan eliminated

Roof access steps added.

Main transmission input quill assembly

redesigned with improved oil seals.

FY69 Windows in hinged cargo doors eliminated.

Particle separator redesigned to include
improved fasteners.

RPM warning box redesigned.

Hydraulic boost cylinders redesigned for
improved piston-rod gland sealing.

I
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TABLE 2. AH-lG CONFIGURATION CHANGES4DURING MONITORING PROGRAM

Fiscal Year

Aircraft Configuration Changes

FY66 Basic configuration

FY67 Redesigned float switch support for engine

oil system.

Main rotor pitch link bearing redesigned.

Mast spinner eliminated from design.

VMain rotor blade tiedown hook shortened.

Doublers added to skid tubes at cross-tube1attach point.

Ammunition compartment door rub strip riveted
in lieu of bond to door assembly.

Engine oil cooler configuration changed to
bleed air driven fan.

Gunner and pilot steps changed to one-piece
assemblies.

Main rotor friction collet fingers increased
in thickness.

Battery cable quick-disconnect redesigned.

Cowl door sealing strips eliminated.

Skid tube attach bolts lengthened.

FY68 Tail lights relocated at base of tail fin.

Tail pipe redesigned with improved mounting
provisions.

DC voltage regulator improved.

Canopy seals redesigned.
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TABLE 2. (Cont'd)

Fiscal Year
Aircraft Configuration Changes

FY68 Step added to aft side of cross tube.
(Cont 'd)

Improved bearings added to tail rotor pitch
change links.

Clamping arrangement for transmission oil lines
improved.

Stability Control Augmentation System (SCAS)
redesigned to eliminate electromagentic
interference.

Rigid oil cooling lines changed to flexibleIlines.
Oil cooler blower mount strengthened.

IProseal added to clevis pin holes in cable
I- pulleys.

;High-capacity rotary inverter provided.
High-capacity static inverter provided.

Main rotor trunnion attach bolts with increased
tensile strength provided.

Tail pipe ejector redesigned to eliminate
cracking.

Improved lockout valve provided for hydraulic
1system.

Improved ventilation ducts provided.

Cutout forward of gunner collective boot

elongated.

- Improved pilot seat adjustment lever provided.

Improved engine mount support bearing provided.

SCAS amplifier yaw channel modified.
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_ _TABLE 2. (Cont'd)

Fiscal Year
Aircraft Configuration Changes

FY68 Strip type ground added to navigation lights
(Cont'd) in lieu of wire type.

Cross-tube cap assembly rubber pad bonding

improved.

Cabin air elbow duct reinforced.

Steel elbows used in hydraulic system in lieu
of aluminum.

Clamping arrangement for hydraulic lines

improved.

Air inlet screen actuator hermetically sealed.

Landing light eliminated.

Cross-tube step assembly strengthened.

Engine oil pressure warning switch replaced
with improved switch.

FY69 Improved tail rotor configuration provided.

I-nproved SCAS transducer configuration provided

Imiroved canopy locks provided.

Main transmission input quill assembly

redesigned.

Coated tail rotor control cables provided in
lieu of noncoated cables.

Improved RPM warning box provided.

Bonding method improved for main rotor blade
leading-edge erosion strips.

Main rotor pitch change link redesigned.

Improved main rotor blade provided.
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_ _ _TABLE 2. (Concluded)

Fiscal Year

Aircraft Configuration Changes

FY69 Wall thickness increased on skid tubes.
(Cont'd)
C42-degree gearbox cover material changed to

aluminum.

Rubber shock mount added to engine fuel
pressure transmitter.

Transmission lift link redesigned.

Clamping revised for generator cooling air
hose.

Improved particle separator provided.

Tail rotor drive shaft cover redesigned.

Transmission manifold-to-filter rigid oil
line replaced with flexible oil line.

Transmission fifth mount support redesigned.

Transmission oil pressure warning switch re-
placed with improved switch.

Self-locking screws incorporated into pilot's
canopy latch installation.

FY70 Improved door handles incorporated on gunner's
canopy.

Crew compartment vent fan redesigned.

Friction collet redesigned.

Engine tripod rod-end bearings replaced with
improved bearing.

Lateral cyclic control magnetic brake
redesigned.
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28. AN201K? Bearing Loose in. Scissors Lever(CIC-730-920-001)

System or Component Description

The scissors and sleeve assembly and the swdshplate and
support assembly are installed together around the mast
at top of transmission. These assemblies act as a unit
which transmits movements from cyclic and collective
control systems to linkages which rotate with main rotor.
Collective sleeve moves vertically within swashplate
support as actuated by collective control stick. Swash-
plate, mounted on a universal support, is for tilt1 according to cyclic input. Combined effect-on scissor
levers and upper linkage determines rotor tilt and blade
pitch.

Failure Mode

The AN201KP8A pivot bearing is installed as a floating
bearing in the 204-011-406-5 lever. After operating in
a sand environment excess play between the bearing and
lever bore develops. If left unchecked, the scissor
lever wear is accelerated by entrance of sand which acts
as an abrasive. Excessive looseness (radial) develops
and vibration occurs. To remedy the condition, usually
a new scissors lever and bearing are required with
minimum ship downtime of nearly five hours.

Corrective Action

ct. A Class II change, adding a steel sleeve between the
L964 bearing outer surface and the scissor lever bore, was
thru incorporated on UH-lD 64-13598 and subsequent production
%pril and on all spares purchased by Bell after January 1965.
1966 This change created a 204-011-406-9 scissor, thus the

new scissor replaced the old 204-011-406-5 scissor.

To provide repair instructions for field units, Bell
Helicopter Company released a field fix, SEM 204-64-25.
The service instruction issued in April 1964 was released
to the depots making repairs. The above corrective
action resolves this problem.

Figure 2. Example of M&R problem narrative.
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......

Prbe #2 3DN ~

#1 X0  xi Xi

Baseline Failure
Rate Xb Xb Xb Xb Xb

Total Failure Rate
for Each FY XTl XT2 XT3 XT4

XT =_ Z o + E X +ZXb _

where XTl XT2 XT XT4 indicating a decreasing failure

rZate.

Figure 5. Illustration of method for calculating
aircraft failure rate by fiscal year.
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Figure 6. UH-ID reliability (MTBF) versus
fiscal year configurations.
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Figure 7. AH-1G reliability (MTBF) versus
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H 3.0 ANALYSIS RESULTS

This section presents reliability growth analysis summaries
for the UH-lD and AH-lG helicopters. Their growth historiesIare compared to each other and to the parameters defined in
the RPM technique for reliability growth prediction. Conclu-
sions are presented on the applicability of the RPM technique~to helicopter reliability growth.

Beginning with Figure 3, cumulative reliability growth (MTBF)
_ is plotted against Cumulative test time (monitored flight

hours) on log-log graph paper. The slope of the straight
line fitted through these data points is the reliability
growth of the helicopter. Each data plot on log-log co-
ordinates resulted in a growth curve with- two- -ine segments,

| each with a distinct slope. This was a result of flight
operations' not being stopped on the monitored fleet when a
failure occurred. Thousands of additional test hours could
accum'late before the aircraft received a, hardware change due
to that failure. Frequently, long calendar lead time is

required to introduce corrective action to the hardware
following definition of a problem.

Hardware change effectivities occurring at the beginning of a
new production lot (not the beginning of a fiscal year production
run) were considered to be incorporated at the beginning of
the next fiscal year model production run. This was done
because of the difficulty in tracking the numerous design
changes by production lots rather than fiscal year model and
because it was not feasible to maintain an account of retrofit

p kit changes for each aircraft versus the time at which the
kit was installed for the monitored fleet.

Each log-log plot has an accompanying Cartesian coordinate
plot of the same data. No attempt is made to connect the raw
data points on the Cartesian plots. However, coordinates of
the straight line segments of the corresponding log-log plot
are transferred to the Cartesian plot to form a smooth curve.
This procedure was used to fair in a smooth line through
widely dispersed data points.

Plots of MTBF versus test time have several MTBF values
clustered at the highest accumulated test time. This occurs
since corrective action activities resulting from the M&R
program continued for a period following termination of the
monitoring effort.
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V ' 3.1 UH-lD RELIABILITY GROWTHANALYSIS SUMMARY

The UH-lD analysis summary includes sensitivity tests to
determine the significance of the various parameters affecting
reliability growth. Included- also are analyses to determine
subsystem contributions to the overall aircraft failure rate.

3.1.1 Sensitivity of UH-lD Reliability Growth Curves to Test
Hour Variations

The 61 UH-1D problems corrected were identified by the M&R
program, and the subsequent corrective actions were substan-
tiated by continued monitoring during that same program.
Therefore, the flight time generated by the aircraft monitored
during the M&R program was used as the "in-service" test
time. This is the test time resulting in slope a2 in the

- I following discussion.

However, flight-test time other than the M&R program flight
time existed during development of the UH-lD. The question

jis, should it have been a part of the test time for reliability
growth? A sensitivity analysis was conducted to determine
the effect of this additional test time on plots of relia-
bility growth of the UH-lD. Three combinations of test
times were considered. Test times included in each combina-
tion are shown by an "X" in the matrix below.

Test Hour Source

Growth BHC UH-lD Test
Curve M&R YUH-lD
Slope Program Fleet All 100 Hrs 280 Hrs

a X X X

a X 2899 X

a3  X 2899 YUH-lD X

Growth curve slope a1 test time is the sum of all BHC/Army

M&R program flight time, the entire YUH-lD fleet time, and
all of flight test time conducted on the UH-lD at BHC prior
to customer delivery. Growth curve slope a2 test time is the

sum of M&R program times, the 2899 hours of YUH-lD fleet time
that was accumulated prior to beginning of the M&R program,
and 280 hours of BHC prototype test time that occurred prior
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7

to the beginning of the M&R program. Growth curve slope a3

test time is the sum of 100 flight hours of shakedown time- on
the YUH-lD conducted at BHC, 280 hours of BHC prototype flight-
test time prior to production deliveries, and the remaining
M&R program time. Table 9 presents the test hours for the
above test time combinations and the MTBF'IS from Table 7,
column 4 for each fiscal year aircraft group at the time of
their delivery. Using data from Table 9, the growth curves
with slopes al, a2, and a3 are plotted in Figures 8, 10, and

12. Figures 9, I, and 13 are the corresponding Cartesian
plots. Comparison of the slopes of these curves, shown below,
indicates that the test hour variations made no substantial
difference in the growth curves; i.e., the differences in the
growth rates were small. A plot of the curves shown in Figure
14 presents a graphical comparison of the relative slope of
each segment.

Slope, a, of
Test-Hour Growth Curve Segment

Combination A B

1 0.065 0.42

2 0.064 0.37

3 0.062 0.33

From the above tabulations, it is seen that there were no signif-
icant changes in the growth rates caused by differences in the
test hour combinations. It is believed that the test hour com-
bination which resulted in the curve with slope D 2 is the most

representative since the test hours span the greatest amount of
calendar time encompassing all of the major development test
programs for the UH-lD. Therefore, for purposes of this
study, UH-lD reliability growth log-log plots will con3ider
the curve with slope a2. The 3179 hours, the sum of 2899

hours of YUH-lD time, 280 houzs of BHC test, and 100 hours
shakedown, occurred prior to delivery of the first production
UH-lD. This time could not be ignored since it was responsible
for the MTBF increase from 7.8 hours to 9.5 hours. The remain-
der of the test hours are from the M&R program.

3.1.2 Sensitivity of UH-lD Reliability Growth Curves to
Variation in Number of Problems Corrected

In addition to the 61 UH-lD problems receiving corrective
action, there were 15 that had corrective actions proposed
which were later rejected by the customer. Had these been
approved, the total number of problems receiving corrective
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action would have been 76 with no increase in the number of

test hours. Figure 9 is a plot of the.MTBF slope if the
additional i5 failure mode rates had been removed from thebaseline ratei i.e4., the problems had been corrected. The

plot was made assuming 100 percent elimination of the failure
mode rates so that the most optimistic growth could be shown.
Thus, the growth curve with slope a4 of Figure 15 is the

maximum growth rate obtainable for the UH-lD while supported
by a monitoring program, assuming other variables are held
constant. Figure 16 is the accompanying Cartesian plot for
Figure 15. A comparison of a2 growth curves of Figure 10 and

a4 curves of Figure 15 shows the following slopes:

Growth Curve Segment
A 'B

a 0.062 0.36

a4  0.062 0.38

Thus, the a4 curves do not differ significantly from the a2
curves, indicating that most of the significant problems were
corrected during the moniLoring program and that the failure
mode rates for the 15 problems were relatively low. Also, the
equal segment A slope values indicate none of the 15 problem
correction proposals occurred until late in the program, re-
sulting in a 4B receiving their full benefit. Since the a4B

was not that much greater than the a2B value, it is evident

that the maximum growth rate for the UH-lD was being approached.
These problems were not corrected due to economic reasons.

3.1.3 Reliability Growth of the Design Versus Reliability
Growth of the Hardware - UH-lD

Reliability growth of the helicopter design is a function of
accumulation of test hours to the point where a formulated
problem corrective action has been approved for incorporation
into aircraft hardware. Reliability growth of the hardware
is a function of the accumulation of test hours to the point
where corrective action has been incorporated as redesigned
hardware in production helicopters. Obviously, reliability

. growth of the design will lead reliability growth of the
hardware as long as there is a continuing formulation and
approval of corrective actions to be incorporated into hard-
ware. In addition, at any given point in time the reliability
of the design will exceed that of the hardware as long as
there is a formulated improvement not yet incorporated into
the hardware. The UH-lD design MTBF growth versus accumulated
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test time is tabulated by calendar quarter in Table 10.
Figures 17 and 18 are log-log and Cartesian coordinate plots,
respectively, of Table 10 data showing the increase in MTBF
of the design versus the number of test hours required to
initiate the improvement. On Table 10, note that the growth
continues for six calendar quarter improvements in the design1 MTBF following completion of the last test hour (second
quarter of 1967 through third quarter of 1968). This demon-
strates that there was considerable lag between the occur"
rence of a failure mode and the formulation and approval of a
design change to correct the deficiency. This is in addition
to the lead time required to incorporate the design change
into hardware. Recall that Figures 10 and 11 are plots of
UH-lD demonstrated MTBF versus the number of test hours-
accumulated to the point, where the improvement was-actually
incorrrated into the hardware. Figures 19' and 20 are cbmposite
log-log and Cartesian plots, respectively, of growth curves
of Figures 10 (c2) and 11 (a5) and Figures 11 and 18. Com-
paring the slope values in Figures 19, a5A is greater than

a2A' indicating, as would be expected, that a greater number

of design changes were formulated and approved than were
incorporated into hardware during early testing. Further,
growth curve segment a5B starts several thousand test hours

before the corresponding segment a2B; however, the curx

tend to converge due to subsidence of design change activity
while hardware changes continue.

3.1.4 Subsystem Contribution to UH-ID Helicopter System
Reliability Growth

The UH-lD experienced a 56 percent decrease in its failure
rate at the system level from FY62 through FY69 production
helicopters. Table 11 is a summary of subsystem failure rate
decrease by fiscal year production. The airframe, controls,
and drive systems accounted for approximately 80 percent of
the total decrease through eight fiscal year models. Note,
also, that these same subsystems accounted for 80 percent of
the total aircraft failure rate at the beginning of FY62,
indicating that none had an initial failure rate out of

- proportion to their share of the total system rate decrease.
With the exception of the fuel supply, each subsystem shows
some reliability growth. The UH-lD fuel supply subsystem is
relatively simple and has few moving parts. No design changes
were made to that system. In contrast, the airframe, controls,
and drive subsystems proved to be a steady source of design
changes, contributing to 80 percent of system level growth.
Table 12 presents the subsystem failure rate percentage change
by fiscal year. Each subsystem fiscal year failure rate
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decrease is expressed as a percentage reduction from the
failure rate of -the previous year and' as a percentage contri-

bution to the total aircraft failure rate decrease.

3.2 AH-lG RELIABILITY GROWTH ANALYSIS SUMMARY

The methodology used in creating the AH-lG reliability growth
curves follows that used for the UH-lD. Flight test records
were not readily usable for extracting the type information
required for reliability growth analysis. Also, due to the
urgency of the Vietnam war, the AH-lG was put into high-
volume production without any YAH-IG development aircraft
being procured. This resulted in the absence of development
test data similar to that generated by the YUH-lD fleet.
Thus, all data used in plotting growth curves in this section
are from the M&R program.

Table 13 presents the time base used to plot observed MTBF
versus test time for the AH-lG. The MTBF values are those
for the FY aircraft at the time of their entry into service.
Since there were no YAH-lG aircraft produced, an off-board
MTBF value was established using M&R monitored data from FY66
lots 4 and 5. The value was established from failures occurring
with the first 100 hours of operation. This was determined
from failure monitoring of two of the initial production
group of 34 AH-IG aircraft. The remaining FY66 AH-IG pro-

duction contained 74 aircraft. Figures 21 and 22 are the
log-log and Cartesian plots, respectively, of Table 13 data.

3.2.1 AH-lG Reliability Growth Curve Sensitivity to Variation
in Number of Problems Corrected

There were 95 problems on the AH-lG for which corrective
action was recommended under the M&R program. Three were
rejected by the customer. Table 13 shows a slight improve-
ment in MTBF, had all the corrective action recommendations
been incorporated. Log-log and Cartesian plots of the data
are presented in Figures 23 and 24, respectively. Table 13
data and Figures 23 and 24 assume 100 percent elimination of
the failure mode rate. A comparison of the growth curve a
values of Figures 21 and 23 is presented below:

Growth Curve Segment

A B

a6  0.016 0.099

a 7  0.016 0.123
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As occurred with.the UH-lD, there was little improvement in
slope due to removal of unincorporated improvements from thebaseline. Table 13 data indicate that the final FY70 MTBF
would have increased only from 9.6 to 9.9 hours. These dataindicate that the AH-lG achieved close to its maximum rate of

growth supported by the monitoring program.

3.2.2 Reliability Growth of the Design Versus Reliability
Growth of 'the Hardware - AH-.G

The AH-lG design MTBF growth versus accumulated test time is
tabulated-by calendar quarter in Table 14. The accounting of
design changes and test time by calendar quarter provides a
common denominator for determining a relationship between
test hours and MTBF growth of the design. Figures 25 and 26
are log-log and Cartesian coordinate plots, respectively, of
Table 14 data-. The a8 of F~gure 25 growth curve reflects

only two calendar quarter improvements in the design MTBF as
a result of the M&R program, following completion of the last
test hour. Considering that the UH-IlD had six calendar
quarters, apparently less lead time was required to get
design changes into hardware for the AH-lG than for the UH-lD.
This is a function of the higher AH-IG program intensity and,
to some extent, the factors in the AH-lG program termination.
Further evidence of the effects of increased program intensity
is seen in Figure 27, a composite of the a6 (hardware growth)

curves of Figure 21 and the a8 (design growth) curses of

Figure 25, and in Figure 28, a composite of the Cartesian
coordinate plots of Figures 22 and 26. At any given point
on the test hour scale, there is only a small difference
between points on the design and hardware growth curves.

3.2.3 Subsystem Contribution to AH-lG Helicopter System
Reliability Growth

The AH-lG failure rate decreased 31.8 percent over five FY
aircraft models. Table 15 presents a subsystem failure rate
decrease summary for the AH-IG, including the relative contri-
bution of each subsystem to the overall failure rate decrease.
Each subsystem with the exception of fuel supply had some re-
liability growth. Like the UH-lD, the AH-lG fuel supply sub-
system is simple and has few moving parts. Its FY66 failure
rate represented less than 1 percent of the total aircraft

* failure rate; thus, any further improvements would have
little statistical influence on reliability growth. Air-
frame, controls, and electrical subsystems provided the bulk
of reliability growth, approximately 72 percent of the total
decrease in failure rate. It would not be correct to identify
these three systems as being the most in need of reliability
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improvement since their size, nature, and complexity govern
individual contributiton to the total failure rate. Table 16
compares each subsystem percentage of original aircraft failurere (Column A)' to percentag-econtribution to total decrease
in failure rate (Column B). In Column C, the ratio B/A is a

measurement of a subsystem's contribution to total improvement
without regard to other factors. A ratio value greater thanone indicates-a proportionately greater-dontribution. The oil
cooling, and cont.ols subsystems had the greatest prdportiondte
decrease in failure rate, whiie the fuel -subsystem hadthe
least. Table 17 presents the subsystem failure rate percentage
change by fiscal year. Elach subsystem fiscal year failure
rate decrease is expressed as a percentage reduction from the
failure rate of the previous year and as. apercentage contribu-
tion to the total aircraft failure rate decrease.

3.3 UH-lD RELIABILITY GROWTH VERSUS AH-IG RELIABILITY GROWTH

The reliability growths of the UH-ID and AH-lG are compared- in
this section. Points of similarity and difference are examined
to determine the factors that control the rate of reliability
growth.

3.3.1 Comparison of UH-lD and AH-lG Reliability Growth
Log-Log Curves

The analysis methods and procedures used in this study permit
normalization of the data. This was done to allow better
comparison of the reliability growth of the UH-lD and AH-iG
helicopters. However, that process was at best limited.
There are factors that challenge the results in this study.
Consider Figure 29, a composite log-log plot of the UH-lD
growth curve a and the AH-lG growth curve a Obviously,

from the plot, the UH-lD had a much higher rate of reliability )
growth than did the AH-lG, at least when MTBF increase was
plotted against cumulative test time on log-log paper. This
would appear to be a contradiction, knowing that the AH-lG M&R
program intensity was greater than that for the UH-lD. AH-lG
program data covered 66,000 flight hours of monitored time
accumulated in 29 calendar months, producing problem correc-
tions at the rate of 3.17 per month or one problem correction
for- each 730 flight hours; while the UH-lD data base of 50,000
monitored flight hours was accumulated in 39 calendar months,
producing problem correction at the -rate of 1.56 per month or
one correction for each 820 flight hours. Thus, the AH-lG
problem correction rate was double that of the UH-ID. Ulti-

j matoly, the AH-lG M&R program produced 50 percent more problem
corrections than did the UH-lD M&R program. Figure 30 shows

* the number of problem corrections by FY configuration for
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both aircraft models. Figure 31 presents cumulative correc-

tions versus FY configuration for both aircraft models. These
facts and, figures raise questions as to the validity of Figure
29 plots. Figure 31 reflects the true impact of program
intensity and may well be the only legitimate measure of1/ program intensity for helicopters. Also, it is apparent that
reliability growth is not a function of the number of correc-
tive actions accomplished. The 61 corrective actions for the
U H-lD resulted in an aircraft failure rate reduction of
0.059069 over eight fiscal years, or 0.000968 average for each
corrective action. In comparison, the 92 corrective actions
for the AH-lG resulted in an aircraft failure rate reduction
of 0.048a267 over five fiscal years or 0.000530 average for
each corrective action taken. Thus, a smaller number of
corrective actions on the UH-lD produced a proportionately
greater return in failure rate reduction as compared to thosef of the AH-IG program.

3.3.2 A Variation in Approach to Reliability Growth Measurement
of the AH-lG and UH-lD

The disparity between UH-lD and AH-lG growth (MTBF) when
plotted on log-log paper requires additional examination.
The main factor, increased program intensity, used to accel-
erate reliability growth for the AH-lG was not reflected in
Figure 29. Specifically, the high-intensity AH-IG program

should have shown an increase in the growth rate over that of
the UH-lD medium-intensity program. It was assumed that an
increase in program intensity would cause an increase in the
number of problems corrected. This assumption was valid. It
was also assumed that the increase in the number of problems
corrected would mean a proportionate decrease in failure
rate. This assumption was not valid, as was demonstrated in
the preceding section. Further, when compared to the UH-lD,
any improvements in MTBF on the AH-lG were offset when plotted
against the AH-lG's large accrued test time. The improvements
in MTBF were a result of accelerated rate of problem correction
which, in turn, was some function of the accelerated testing
(monitored flight hours). The only parameter that could not
be affected by the accelerated program was calendar time.
The AH-lG did, in fact, attain a higher rate of reliability
growth than did the UH-lD. This is demonstrated in Figure 32,
a plot of AH-lG and UH-lD cumulative decrease in failure rate
versus calendar months following first aircraft model delivery.
Figure 33 presents cumulative decrease in failure rate attained
by progressive fiscal year aircraft through the end of the
M&R program. These two figures allow comparison as if both
M&R programs had been conducted simultaneously. Both illustrate
the higher growth rate of the AH-IG. Tables 18 and 19 show
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for the UH-lD and AH-lG, respectively, subsystem failure 3ate
cumulative percentage change at each fiscal year following
first aircraft delivery. By the fourth FY delivery, the UH-lD
(FY66) had a 35.4 percent cumulative reduction in its failure
rate, while the AH-lG (FY70) experienced a 31.8 percent re-
duction in its total failure rate. When measured-in this
manner, the growth rates of the two aircraft are almost
equal. A composite plot of these data is presented in Figure
34. The patternwof failure rate reductions for both aircraft
is very similar, as was shown in Figures 32 and 33. The
Figure 34 plot negated the effect of the 44-percent failure
rate spread between the UH-lD and the AH-lG. In doing so,
evidence is created that program intensity may not be a factor
with enough influence to redirect the reliability growth of a
helicopter.

Program intensity strongly affects the rate of problem correc-
tion, but for helicopters it has little effect on failure
rate reduction. While each problem correction does contribute
to failure rate reduction, that change in failure rate may
have a wide range of values. This is shown in Figure 35. The
M&R program identified a large number of problems that were
candidates for corrective action. There existed no direct
relationship between the magnitude of the failure rates andthe order in which the problems were corrected. However, as

is also shown in Figure 35, the AH-lG program did correct
many more low failure rate problems than did the UH-lD. The
effects on crew safety, aircraft availability, mission success,
ease of repair, and economic cost generally led the factors
governing when or whether a problem was corrected. There was
a situation in the M&R program where the single occurrence of
a failure mode resulted in a design change. Conversely,
there were many situations where high failure rate problems
were not corrected. These are extreme cases. However, they
serve to demonstrate the nonexistence of a relationship
between failure rate magnitude and initiation of corrective
action.

3.3.3 Statistical Observations on UH-lD and AH-lG Reliability
Growth

This section provides two theoretical models which relate re-
liability growth to calendar time on the basis of monitoring
programs for the UH-lD and AH-lG. It should be noted that the
number of flying hours of the respective monitoring programs
per calendar year is large. Consequently, the relationships
developed here for reliability growth and calendar time pre-
suppose a large number of flying hours per calendar year. The

94

_ I ... -/-a l I i I i I --



• I
models can be applied in a new program to project reliability
growth beyond the end of the monitoring period.

In this analysis,. the decrease in failure rate (i.e., relia-
bility growth) as a function of reliability growth time, T,4 from the plot in Figure 34 is

X(T) = A (T) $1 - M(T) } (l)

where X(T) = the failure rate at growth time, T

A(T) = the failure rate due to all pertinent failures
in the aircraft history

M(T) = the decrease in A(T) per year

An empirical consequence of the analysis is that

_AC(T. - Ti I )
M(T.T

M(Ti -Ti_I A (T)

is a constant when Ti - Ti_ 1 is considered in increments of
•1 years.

Figure 34 suggests that there might exist the same linear
relationship between reliability growth time, T, and the
cumulative percentage decrease in failure rate for each of the
monitoring programs. In order to show the similarity in
results, the data from Tables 18 and 19 were subjected to a
least-squares fit of a straight line passing through the
origin. The estimator of the slope in this method for
K data points is given by

K K

M = xiy x i
i~l i~l(2)

where xi is the ith year and yi is the observed value (i.e.,

actual percentage reduction in A(T)) for the model. The
results were as follows:

A
M = 8.663333

AH-lG
A
MUHI D = 8.613571
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Consequently, the least-squares fit of the data to a straight
line provides a reasonable representation of the relationship
'between reliability growth time and the cumulative percentage
decrease in failure rate for the two aircraft under their
respective monitoring programs.

The similarity of slopes, over different time bases in programs
with different intensity for different aircraft suggests that
M(T) is a constant. The reason mnay be the similarity of the
two programs. The following observations of program Similarity
were made:

- The same reporting forms and analysis procedures were
used.

- Data analysis was conducted by essentially the same
group of people.

Corrective action- was sought by the same engineering
personnel.

- Both programs were managed by the same AVSCOM personnel.

Further, everyone involved went through a learning period on
the UH-lD program. Techniques and procedures mastered on the
UH-lD program were carried over and applied to the AH-IG pro-
gram (even though application rate may have increased).

Another point of interest is that the period of monitoring has,
a carryover time for reliability growth. In the AH-lG, three
years of monitoring correspohded to five years of reliability
growth. With the UH-lD, five years of monitoring corresponded
to eight years of reliability growth. These numbers correlate
to consecutive values from the Fibonacci sequence* generated by
1 and 1. In any Fibo,,acci sequence, the limit of the ratio of

consecutive terms has been found to be 2 + .

2

Further, since the sequence is quite well behaved, monitoring
times which do not appear in the sequence can be used to find
reliability growth times by multiplying the monitoring time

i+
by 2

*The Fibonacci sequence is the sequence whereby a number in the
sequence is the Sum of the previous two numbers in the sequence,
i.e.,, Sk = Sk_ + Sk 2 . For this problem the Fibonacci se--
quence is initiated by S 1 and S 1.
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In most reliability tests, a minimum acceptable MTBF (or maximum
allowable failure ratei Xo) is specified along with a test time

of a specified number of hours within a span of a specified
number of calendar months to find the reliability growth time,
T, as specified previously. Incorporating these values, into
Equation° (1), we have2

1 >5 A°To )  -- ( To-T 0 (3),
0 0 •O 0

Therefore,

A (To0 :- MIT 0-), T: 4

Hence, -an uppr bond can be, foundon th&e-nt-ie -h-story of

the aircraft failure rate.

For 2-, 31, and 4 year monitoring programs, find the uppet bound

on A.(To ) for minimum acceptable MTBF's of 6 and 10 hours. From

the Fibonacci sequence, the monitoring times correspond to 3, 5,
and 6.47 years of reliability growth time.

Monitoring time = 2 years

A. 1/6 = .224618, MTBF = 6 hours
(3 i1 -(.086)3

A(3) < = .134770, MTBF 10 hours
1- (.086)3 

1

Monitoring time = 3 years

A(5) < 1/6 = .292397, MTBF = 6 hours
1 - (.086)5

A(5) < 6 .175438, MTBF = 10 hours
1 -(.086)5
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Mon tring 1fim 4 yedii

A(6,47) < 1/6 = .375730,.M4TBF = 6hours
1 - (.086) (6.47)

A(6.47)< = .225438, MTBF = 10 hours
1 (.086)'(6,47)

The result 6f this analysis, for example, reveals that in
-conducting. a 2-year test to dimonstrate an MTBF of 6 hours,
the measured MTBF need-only be 4-.5.hours. Engineering correc-.
tive action .has demonstrated in previous programs. that the
reli&bility growth capability will be sufficient to-provide
a-6-hour MTBF-. This approach-provides a rational -alternative
to the traditional reliability q.alification test. Incorpora-
tion of reliabilitygrowth would assist in narrowing the, gap
between measured and demonstrated MTBF.

The ability to transfer the ,concepts -ound-in the AH-lG and
UH-lD monitoring ] rograms to other. mnit6ihg programs lies
in one's ability Eo establish the value of M.

r It is now obvious that, in order to reproduce M as a function
of the many variables of which it is composed, a simulation
is required.. For instance, graphs-of corrective action approval
as a function of use rate will almost certainly be given in a
function which is not continuous. The number of variables and
the characteristics of these variables make a reconstruction
of M almost impossible without simulation.

It is known that as calendar time increases, X(t) will become
asymptotic with a decreasing baseline failure rate. This
concept is not reflected in the results stated in Equation (1).
Further, for small values;.of x,

1 - x =e' x

Consequently, 1 -M(T)T could be an approximation for e- M (T ) T

* This-value would account for an asymptotic behavior and still
be consistent with the experience of the monitoring pr6grams
under consideration. Thus,. Equation (1) would become

X =(T) A(T)e - M (T) 'T (5)
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Therefore,

inXT) MT)T

A (T) l/T

iN, () M(T)

Putting these, expressions, in the framework of mifiiimn acceptable
SMTBF's, the expression 'becomes.

SA (,-(TooA (T,oX,)e -M (T)TA AT)e ' O (6).

A (To) <(?%o) e+M (To) To (7)

For .2-, 3-,j and 4-year monitoring. programs, find the uppei
bound on, A(T0 ) for minimum allowable MTBF's- of 6 .And 10 hours.
Fr'om the Fibonacci sequence, the monitoring times corresppnd
to 3, 5, and 6.47 years of reliability growth time.

Monitoring time'= 2 years

A(3) - e +(.086) =. .216i5, MTBF =6 hours! 6

1 +(.086)31
A(3) -e = .12969, MTBF = 10 hours

10

Monitoring- time = 3 years

1 1+(.086)5 .25622, MTBF = 6 hours
6

1 +,(.086)5
A()- e = .153723, MTBF = 10 hours

10

Monitoring time = 4 years

(6.1 +(.086)(6.47) .29178, MTBF - 6 hours
6
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- +- ~(6.47) To 175( - 8 ) (  =.)07, MTBF 10 O'hours, -+

14.The results ih t -his andlysis are more conservative than it -theI
" linear, approach. In- order to support . 6,'-hour MT!BF in a 2- "

£ :year monitoring program under this APpr6ach, the measured TBF
+ mustexceed an MTBF of 4.62 "houts'. The-minimum acceptable _
/ : .... + mea'surrd MTBF is- different under. thed two approaches,.• . .. However,I
, as calendar time. increases (U.6., eghof monitoring program,

' <' : icreses) th diparty-n the values becomes larger. The-
+: asym pt~tic properties of the, second approach coupled with its
i! . conservative estimate§ tend to make it the-more viable of'the

tWo approaches. 4

SFujthe±, since 6l-y two simil-ak -alrcraft ha-ve _beenconsidered,
,5extending th4ese,.models to helicop-ters in general is risky.

In order to-validate-t-he theoretid 'ai-models , further study

S should be mdde on diverse-aircr~ft, from different facilit ies
+ ... .under a variety ofo monitoring prOgrams It may, indeed, be

S that helicopters of thesamesize (designed-and manufactudred
i bYthe same company-?and iaintaned by thesame,-personneif

,facilities,, and operational Structure) will haye similar failure
Srate decreases per-calendar year. It could veky well be true

Sthat the length of-time necessary to incorporate corrective'
,+ action is so excessive that it dominates All other variables

~involved.

3.3.4 Corrective Adtion Considerations That-Inf-luenced UjH-ID
and AH-IG Reliability Growth,-,

The higher intensity AH-IG program did accelerate the rate of
f~ilure mode identification, as evidenced-by-the 283 AH-IG M&R
index problems versus 133-for the-UH-iD. Also, the rate of

+ +corrective action 'initiation was accelerated: 92 for the AH-IG
! versus 61 for the UH-1D. There was no hard set of ground rules\ I

governing any corrective action taken to eliminate an identi-
fied failure,-mode. However, the foilowingconsiderations were

+ given to each candidate for corrective action:

-The criticality of the failure mode. Will it endaniger
the crew, the aircraft, or the mission.9

-. he effect on availability-of the Aircraft. Does it
require long periods in 'maintenance for repair actions?

, -"Logistics cost. What is the cost of repair parts, and
what is the effort to maintain them in the logistics
pipeline?
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- Lead time. -Can a satisfactpry change :be, implemented
in a reasonable amount of time?

p - IMaintenance cost. What is man-hour cost to correct
each failure?

Failure mode rate. How often does the failure mode
occur in a given numberpf -flight hours?*

- Maintenance frequency. Whdt is the unscheduled,
maintenance action frequency- -caused by the failure?

- Ease.of problem correction. How involved is the
correction action? Is the technology aVailable?

Nuisance factor of the failure mode. How bothersomE
i s- t to mainbenance and- flight crews?

One may conclude that the magnitude of the failure rate of a
of the failure modes had limited impact on whether they re-
ceived-corrective action or n~ot and that identification ofafaiure mode does not necessarily mean that corrective actic

will follow-.

3.3.;5 Impact of Increased Testing Rate, on Helicopter
Reliability--Growth-

It is generally assumed that the rate of reliability testinc
is one of the uncontestable parameters affecting rate of
reliability growth. For the UH-lD and AH-lG helicopter, thi
has been demonstrated to be untrue. Certainly, beginning wi
a low rate, incremental increases in. the testing rate will
have corresponding incremental increases inthe rate of
reliability growth. However, at some. point for the UH-lD ar
AH-lG, it appears that 'the law of diminishing returns-sets i
and, eventualLy, a point is- reached where any subsequent,
increase in the test rate will produce no increase in relia-
bility growth. Testing required to revealfailure modes
and for subsequent initiation ofcorrective actions which, j
turn, lead to reliability growth. It has been shown for the
helicopters that an increase in the testing rate will incree
the rate that failuremodes are revealed. Further, it has
been shown (Section 3.3.2) that an approximate doubling of t
testing rate, 2285 flight hours per month for the AH-lG verE
1280 flight hours ,per month for the UH-lD, resulted in an
approximate doubling of the rate of corrective action initia
tion: 3.17 corrections per month for the AH-lG versus l.')6
corrections per month for the UH-lD. However, it has not bE
establ6shed& that an increase in the h ftbi of doifrctiVe
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actions will be followed by an increase in the rate of relia-

-I bility growth. Refer to, Figure 34, a.plot of percerntage de-
i" crease in failure rate versus FY UH-ID and AH-lG aircraft.

When the data points for each helicopter are submitted to-a.
least-squares fit -(Section 3.3.3):, one finds that the slopes
are equal. Yet, the testing rate of the AH-IG was 1005 flight
hours iper month greather than that of 'the -UH-ID. This sug-
-gests that both aircraft have exceeded some ceiling of relia-
bility testing beyond which any increase in the rate will
cause no. increase in: reliability growth, Also, it isbe-i-ved
t.-hat there exists a level of ;testing threshold below whzll the
-rate of reliability growth is zero. Below this-point the rate
of test hour accumulation is so low that failure modes',cannot
be exposed. Although there are no beginning and intermediateI - data points to plot the exact curves, it is believed thatIFigure 36 is a fair representation of the relationship thatV exists between an increasing testing rate -afd reliability
growth. The significance of this relationship is that the
testing- rate, of the AH-lG -exceeded--the, overall M&R-prqgram.'s-
ability to produce a proportionate reduction in failure rate.
It is ,probable 'that the same occurred for the UHI!D. it is
believed that the optimum rate of testing for -these two-air-

craft would have been in the 900 to 1100 flight-houfs-per-
month range. However, a specific test would be required to
determine'the exact bounds of the interval. This is a point
to consider when reliability tests are scheduled in future
programs.

3.3-6 UH-lD-,and AH-iGReliability Growth Versus §Fleet Time

Reliability growth versus fleet time for these aircraft was
investigated. Figure- 37 presents- a, plot of the UH-lD and AH-lG
MTBF increase versus accrued fleet time. Note that the initial
MTBF growth for the UH-lD was considerably greater compared to
that of the A-IG. The fleet time accrual rate, of the UH-ID
was quite low during its early production years compared to
the AH--IG. When the AH-lG entered service during the height
of the Vietnam war, the use rate for both aircraft -was at its
peak. Figure 38 presents a comparison of fleet time accrual.
Thus, initial MTBF increases due -to corrective actions on the
UH-lD were plotted against relatively small amounts of accrued
test time compared t6 that of the AH-lG; This resulted in
initially higher growth rate of the UH-lD.

3.4 THE RPM. TECHNIQUE COMPARED -TO UH-lD AND AH-G RELIABILITY
GROWTH EXPERIENCE ...

This section ,examines the UH-lD and AH-lG reliability growth
experience in relation to the growth parameters defined in-
General Electric's reliability growth prediction technique.
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This technique, which has been proven acceptable for electronic
equipment, is not acceptable for pro etin helic6pter r1iia-
bility growth. The factors involving this conclusion are also- explored.

3.4.1 A Review of the RPM Techhiqu6

The RPM technique is a mathematical approach devised to predict
the reliability growth of complex electronic wea-on systems.
Its development,' according to its authors-, was 1: specific re-sponse to the "reliability program credib~iitTgz: that exists

between stated equipment reliability requirements and realized
- or realizable achievement."

It assumes that equipment off-boardMTB fwill be 10 percent of
the-MTBF goal. The goal is established by incredsing the re-
quirement'by 25- percent. It asserts that reliabiLity growth
is approximately inversely proportional to the square root of
the test time, and that the slope of the curve plotted oh a
log log scale vaties between a- = 0.1 for a devel6pmeht progr&m
having no formal reliability effort anda = 0.5- for an- aggres-

1 sive reliability program.

-'t|  3-4A.2 RPM Technique Compared to UH-lD Reliability Growth
Experience

The observed UH-lD reliability growth did not conform to the
-,growth parameters of the RPM technique. The UH-lD off-board
MTBF was Significantly greater than 10 percent of the mature
design. MTBF., The actual value, 7.8 hours, was 36 percent of
the MTBF ultimately observed. The maximum MTBF experienced
for the UH-lD was 21.4 hours. It is doubtful that the MTBF of
the UH-1D will ever increase beyond 30 hours, much less by a
factor of i0 to 78 hours. Had 30 hours been the MTBF require-
ment and the goal established at 37.5 hours (1.25 x 30) per
RPM, the 7.8-hour off-board value would be 21 perceht of this,
more than double the 10 percent stated by RPM. This is shown'
in the table below.

Observed Reliability RPM Projected Reliability
Growth History Growth History

-Parameter

Offboard
MTBF 7.8 hr 3.75 hr*

Reliability
Growth-Rate a2A 0.062 .4, (x 2**

a2B = 0.359

*Based on a mature MTBF of 30 hr 10% x (1.25 x 30) 3.75
**Based on a reliability program of moderate intensity
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For the UH-iD, two) distinct growth rates were-observed 6bi'the
log-log plots. The RPM prediction procedure does not consider

ha ange in:slope;- The- -initial UH-lD. -slope c 2A -0.062 is_

considerably less than the-minimum RPM value, d = 0.1 (the
growth rate for those programs where no specific consideration
is given to reliability). However, a2B = 0.359 does fall
within the- bounds of RPM.

3,4.3 RPM' Prediction Technique Compared: to AH-lG Reliabi1ity
Growth Experience

r The AH-lG reliability growth was not within the RPM parameters.-
- ) As was the case with the UH-lD, the off-board -MTBF was ,signifi-

cantly higher than 10 percent of the MTBF ultimately, oserved.
The AH-IG M&R- program was two calendar years shorter in dura-
tion than the UH-iD-program. However, as implied in paragraph
-3.3.3, the AH-iG failure rate would have been reduced approxi-

ma-ely 56 percent '"id' its program -been of the same Aduratio .

as that of the UH-lD-. The 'AH-iG, would then have had an ulti-
mately observed MTBF of 11.8 hours. it is doubtful, that the,
AH-lG will ever achieve an MTBF above 17 hours, a value signi-
ficantly lower than 66 hours , ten times the 6ff-board- value.
Had 17 hours been the MTBF requirement and the goal e§tablished
at 21.25 hours (1.25 x 17) per RPM, the 6.6-hour offrbodrd
value would be 31 percent of this, more than trkple the pre-
scribed 10 percent. This is shown in the table below.

Observed Reliability RPM Projected ReliabiLity

Growth History -.. .. - Growth History .

Parameter

Offboard
IMTBF 6._6 hr 2.125 hr*

Reliability
Growth Rate a 6A = 0.016, a 0.50:**

a =0.099

*Based on a mature MTBF of 17 hr 10% x (1.25 x 17) = 2.25
**Based on a, reliability program of high intensity

Like the UH-lD, two distinct growth rates were observed for
the AH-lG on the log-log plots. The initial slope a6A = 0.016

was again considerably less than the minimum RPM value ( = -O.1).
Unlike the UH-lD, the second -AH-IG growth curve segment a6B =

' 0.099 remained below the minimum RPM value, even though the AH-lG
M&R program was considered to be of greater intensity than'that
of the UH-lD. This is discussed in subsequent paragraphs.
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3.4.4 The RPM Qfff-:Board.MTBF Versus HelicopterOff-BoardMTBF

-The, RPM definitidn bf off-board MTBF is, by the natile 6f the
hardware, not that used in the UH-ID and AH-IG growth curve
development. The -RPM definition is based on taking a statis-
tically derived 10 percent of the MTBF goa!. Becaus§ of this,
many of the lowMTBF failure modes are still present prior to
the start of system-level testing. Helicopter off-boardMTBF
is based- on "flight quality" hardware. The heli-cpter com-ponents have already experienced-design suppoytand quality
conformance _i beforebeingpronouncedflightworthy.
Many of the infant mortality, failure- mode's haveC-been elii-

.nat~d pri'or to first flight. Also,, hd1'c~ptet c~mponent s tend

t be part Of a continuing growth from model to model; This
results in a high off-board.MTBF value. Thus, the-requirement
for"flight quality" hardware for testing ensures that off-
board MTBF values will he high,

3.4.5 RPM Program Intenisity Parameter.Applied to UH-ID-and

S- AH-IG Reliability Growth

'\i Thq particularly noteworthy feature of the.RPM technique when'pid tocompex electronics equipment is that the rate of

reliability growth canbe substantially qltered as a directI function of reliability program intensity. However,, when
appliedto UH-!D and AH-lG helicopters, this was not found to
be true. The AH-IG, although developed within a reliability
program of higher intensity than that of the UH-lD, demonstrated
a lower rate of reliability growth-when MTBF increase was
plotted against accumulated test tim@ using the RPM technique.
'See paragraph 3.3.2. For this particular situation, any kind
of plot with test time as oneof the axes would have the same
outcome. Figure 39 further illustrates this. At the upper
end of each growth curve there are two or roie percentage data
points marking the last hour of testing. These points repre-
sent the continued reliability growth after completion of the
last hour of testing. It also demonstrates that corrective
actions indeed do require considerable lead times for incorpora-
tion since each data pointI corresponds to the begining of a
new FY production. The RPM technique appl-ied to avi6nics
testing does not encounter the above circumstances because it
requires that failure modes be corrected and a design change
be incorporated in the hardware before testing resumes. This
is an unrealistic requirement for a helicopter development
test program. Aircraft design corrections are time consuming
even for the most minute changes. It is not reasonable to
require that testing be delayed for incorporation of each
design change. If this were to occur,, the cost due to down

, time between test sequences would be unreasonable.
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3-. by, 'cc is n~sot ,App-icabilit:Vo RP ehnqe for

The RPM tehi~que-is not a viable method of prb~lidting relia-

con ;ide double-segment growth-c~urves. Reliability gkowth
measuremenht define~d by RPM :is not sutbefor 'helicopter$.
When.pgrh intensity is dha~iged. to Alter the qrdwth ratd,
the response 'has hiot been pr.-edictable w4hen 'medsired- usiihg RPM'

groun rls. Furtheri #~hp r? 4geofa -0. 1to.0. 5isthe,
result of long study of avionicsauimn history,. The d

- values generated by this stuidy have no gnetaliy le

-within the bounds 'of the RPM -method.
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TABLE' 9. 'FLIGHT -(TEST) TIME VERSUS I4TBF FOR UH-iD

Accum. TieBases Ttl0eai~Ts **

HYC /AqYUH-lD .BHC Timed Use-d To Po at "TF-M~
&RFleet -Test*

?rogram -a- 2
'Col. '1 2 3' 4- -Time.* -Timhe *-Time (H) (r

YUH- I 4* -

Off-Bd 10 100: 100- l 00 7!.-8-: 7,;
02-2899 280 -3179' 319 179 9'.5 9.__

763 0 3932- 335 4267- 3179- 4212' 10.0o 10.(

. ~64 - 13606 5855 435, 19896 -4J6785, _13886- *1-2-.. - 12.
65 21946 6826 485 292571-25125 29052. 15.3 15.d

66 685 103 4426* 39964 '44171' 16. l
67 '4994 8113- '535 58595 ,53126- 58340" '18.4, 20.,
68 49947 '8453 555 58935 53126 58680. 21.2 2121A
'69 .49947 8:826 535 5908' .53126 '5953 21.-41 27.:-

*a, Col. ?+ 3 + 4-

q2  Col. 2 + 3179**

a=Col1 4, for U-1D, Col. 3 4 okY6 n
Col. 2 +3 + 280***- for g.Y 63 throuq. Y, 69

**100 hours shakedown is the earlie~t point at

Fo tae 7 , C. 4

'379 hur :ncuds ~hus haedwn ; 107toa



-i0
0
0
0

to 4J
4J

1~~~ 1-4- 1 1 r
I iEI

S 11 m i .9-

C)
t> 4J

liM- 4- ,I 1 : i lI

-1- 44 V.- 4

4--



OA1
40

4Jg

44~

kij 0d

toU

>. 4iJiI .W4

0-4

-E-

-3

~4J -r-

*- -H O

-- 00
:4

109

-Mac-



-4~.~ v~.rr ku .44-rr~wrrp,~ 'r~r -. ~...

.0- i0

.1.
__ .4-

2±z~i ~L$4

4-4-

~24J

00 -ul-~ ;4-

.... .... .... .. I0
~ -,.,---.*,--- ____44

_ Hl

P-1 _T

:~Z~ t-~E

1101

T T",T' ' E-f 4-)

- - U L (D ..- -4- J



4-i

U-)

C ) r

C k4J

CD 40 f

E- r4

4J

4w En

E4>1 111

Sr4l

'I r4 a)

IY 4

ci

r4

(S)M OH) MRL



it*1071

44IW

aI i
f i l l- r 

lit~~E- 11*-1 1ti lO

0 

s-0

I lil 
0

CY) I 4J

CY-- L4--



'44

UH

o4 W

P N-)
S0

H54 44 rd

44, 0

HE- r4

'-0

e 4- U)

E-4 pN

* I~ >P4-

csjI: H f4

P * 4r0

P4J

113-



-c--, 4 - 0.1 . i f- -; " ' .

Nx~ IS 2

=4i

t 00

;- s.. 1

17~ 00

HL_ -H Vr M~3+~±

F4.
-4)4

7 4JI I . 04

1144II
IEE 44 - -



II al

I-.f

r *i

to 4 r.d

44 E-

It I

I fill 1; 1 1.1.- 0 r. 0

1: M l li t1$ I l Ir

... I 4 L-I1

P0
0HQ -

+'1 4



*r4 0

0

P-4 0~

4-1 S4E-

ip t~

o3 ~4)

S4
E-f r

-E- 1 )

E4 .1.4 ei
'-t ~4J)

0

0 a)
C.J~~ . 41-

r4 ** 4

H )

'C. *d 00

LO Ur C
c"I~ 01

(sunoHH agi

1160



77

TABLE 10. UH-lb DESIGN4 MTBF AND TEST
TIEVERSUS CAEDAR QUARTF]R

CY by Desipg M&R + -Base-linte Ojpekating-
Qtr. T&' Tme .Constant MusPlot

3 10.1 0A417 19

4 10.1 0- 31-79 3179

1 1. 0 3179 3179
.i2 11.7 2267 3179 5446

* 43 11.17 9011 31719 121§0,
4 13.7' 13606 317l9, 16785

1 14,7 17682 31920861
2 14 9' 2-1205 3179 24384

65 3 15. 21946, 317 9 25125
4 15,.6 j-21T946 8179 251,25

1 16-.,3 21946 317-9 25125

6-2 -. 18.3 29392 3,179, 32571
66_ _ _ __________ ___________

3 18.6 36785 3179 39964
4 18.6_ 44846 3179- 48025

1 18.7 49947 3179 53126

67 2 18.8 49947 3179 53126
31 19.7 49947 3-179, 53126

4 20.3 49947 3179 - 53126

1 21C.0" 49947 3179- 53126

682 21.1 49947 3179 53126
3614494817 32
4 21.4 49947 3179 53126
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TABLE 13. -kLtGHT (TES~)TME VERSUS- MTBF
FOR AH-rlG

Accumulated Flight Time
Fiscal BHC/Army MB*
Year M&R 'Program. MIBF TF,

FY 66

FY-66 1,002 6.7 6.7

FY 67 6,594 7.0 7.0

'FY 68 24j8 84 8.1 8,.2

FY 65 66,272 9.4 9.6

FY 70 6,27-2 9-.6 9.9

*100 hours shakedown is the 'earliest point at which
off-board can be consider-ed.

**Resultant MTBF's~if failure rates for unincorporated
[V corrections'had been subtracted completely.
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TABLE -14. AH-G 'DESIjN- MTBF AND- TESTTIEVRU

CALENDAR QUARTER

Design M&4R Timie
Calendar Quarters MTBF (Operating Hr)

11967-2 b'6. 38

3-1 '6.6, 19002

- 4 6_.8 -4,710
.1968 'T. 7.2 10,643

- 2 7.6 17,592
K- 3 8.1 U24,884

- 4 8.3 33,48
1969 - 1 8. 43,020

- 2 9'.1 52,930

-39.3 62-,675
- 4 9,.3 '66,272

1970, - 1 9.6 '66, 272'

9' 297' 66,Z22
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Failure Rate Decrease In Faictork
Subsystem (F6) Failure. RateB/

Airfrtame 24.4 -24-.7 .01

Seats 0.7 0.5 0.71

Cotitrols 22.5, 32.5 1.44

Driyve- -6.3 .11.13

-Electrical. 19.3 15.5 0. 80

4Fuel 1,0 0.0 -0.00

-Hydrauli6 3.1 '0.8' -0,.-26

Insti. Insti. 1. 3 1.4 -1.08

,QiI Cooling - 3.1 8.0 -2. 58

Powier Planit -6. 3 3.6 0.57

Rotors - 5.9 0.5 0.08

'Cautioni/Warning 4.3 3.4- 0.79.

Aukiiiary ,Equipmnent -1.8. 2.0 11
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4.0: HELICOPTER RELIABILiTY GROWTH, PREDICTION TECHNIQUES

- FOR FUTURE HELICOPTER DEVELOPMENT

A- limited helicopter reliability growth prediction technique
has been developed from the ,relationships defined in this
study, It has been demonstratedthat under the conditions
that existed in the UH-lI/AH-l M&Rprogram, the rate of relia-
bility growth-was cohstant and equal 'for theUH-lDand AH-1G.
This -fact ailows other relationships to be developed that
permit the tailoring of test programs to budgeti required
MTBF, and off-board MTBF. There may be risk involved in
applying this technique to helicopters not of the same Size
and complexity as the UH-lD and AH-lG and, manufactured -by
someone other than BHC. The technique may be limited- in that
it is derived from data from a failure monitoring and correc-
tive action activity on a sample fleet of 30 or more initial
production aircraft with a test time accumulati6n rate in
excess of 1200 flight hours per month. The 30 aircraft fleet
is significant in that it was determined to be a statist-ically
valid sample consistent with the M&R program- definition of a
,iroblem requiring correction action. -The 1200 flight hours
per month ensures that a level of testing is maintained con-
sistent with the growth rate demonstrated on the UH-1D and AH-
IG. Obviously, the technique is not intended to be used to
predict a rate of reliability growth, since that value is a
constant. It is intended to be used to predict -test time
required to achieve a given mature MTBF, knowing beforehand
the value of the off-board MTBF. It is to-be used to predict
what off-board MTBF is required to meet a given mature MTBF
with a limited number of test hours. Also, it is to be used
to determine what level -of mature MTBF can be achieved with- a
known off-board MTBF and a limited number of test hours.

4.1 BASIS FOR DEVELOPMENT OF THE PREDICTION TECHNIQUE

It has been shown that the reliability growth rates of the
UH-1D and AH-lG are equal when expressed as a cumulative) per-
centage reduction in failure rate versus fiscal year aircraft
model. 'The fiscal year aircraft model scale, for practical
purposes, can be converted to calendar years, because each
point on that scale marks the beginning of a fiscal year model
delivery within a calendar year. Percentage reduction in
failure rate and calendar years are the logical axes on which
to plot reliability growth. This method has been shown to be
insensitive to variations in program intensity, rate of test-
hour accumulation (above some ceiling level of testing), total
test hours, rate of problem correction initiation, and type of
aircraft. It makes use of the one variable that appears to
dominate all others, i.e., the length of time necessary to
incorporate corrective action.
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Section 3.3.3 demonstrated the iineaf relatiohship th&t exists
-between climulative percentage reduction in failure rate and
growth time. The UH-lD and AH-lG reliability growth curves
both exhibited slopes of 8.6 percent per year reduction in
failure rate based on thez'off-board fdilure rate. This re-
lationship was. shown to exist through 8 calendar years.

4.2 DEVELOPMENT OF THE PREDICTION TECHNIQUE

A mathematical relationship among 6ff-board-MeanTime;-Between-
Failures (MTBFOB)., mature or required Mean-Time-Between-

Failures (MTBFR), and.reliability growth time is easily estab-

- lished, knowing that the rate of reliability growth is a
constant. Cumulative percentage -eduction in -failure rate is
computed from an initial failure rate or off-board failure
rate XOBI where

OB- MTBFOB

and from a mature failure rate or required failure rate X R'
where

R =MTBFR

Since a cumulative percentage reduction in failure rate exists
in a linear relationship with calendar years of reliability
growth, an equation relating the two will be of the form

y = mx + b

where m =8.6 slope of the line

b,= 0 sinde the line will pass through
the origin

x = T calendar years of growth
g

and Y = OB R 100 percent reduction in

B failure rate.
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Substituting for y, m, and X ,

A
"OB g

Simplifying the equation and solving for T-,g

T .086

Substituting for A R and ROB,

- , where 8>_T >-0.g

since this relationship is not known to be valid beyond. 8
tcatltndar years.

Recall from Section 3. 3.3 that calendaz" years of reliability
, growth, Tg, could be related to calendar years of testing, Tt,

~through correlation with the Fibonnacci sequence, whose ratio

Tg= 1. 618 Tt

Substituting ffor Tg,

MTBF B

t=(l-MOB

1 MTBF .139 (9)

where 4.94-T>o.
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This equation defines the relationship among-calendar years
of testing, off-board MTBF, and mature or required MTBF.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

-The data retrieval and analysis effort and the UH-ID and AH-l:G
reliability growth evaluations indicate that:

- Reliability growth of the UH-D- and AH-lG wac constant.

- There are many variables that may affect reliability
growth. However, the time-required for incorporation
of a corrective actioh dominates all other variables.

- The Reliability Planning and Management procedure is
not Valid for defining helicopter reliability growth.

For helicopters, there exists a level of testing above
which further increases in testing will not increase
the rate of reliability growth.

Intensive reliability engineering effort should -be
expended during the design phase of new helicopter
development to ensure that the off-board MTBF is as
high as possible. This will minimize the reliability
monitoring program required to achieve the required
mature MTBF.

- The investment in an aggressive reliability engineering
effort during the design effort is the most cost-
effective way to improve the helicopter. This does not
imply that reliability growth testing and monitoring
programs should be abandoned. There are mission- and
environment-related failure modes that cannot be fore-
casted from drawings. Early discovery and timely cor-
rection failure modes via a reliability monitoring
program on an -early production lot of fielded aircraft
coupled with an effective reliability engineering effort
during the design phase will ensure the most timely
and cost-effective achievement of the overall aircraft
reliability goals.

5.2 RECOMMENDATIONS

As a result of the above conclusions, it is recommended that:

A reliability program of field failure monitoring on
a controlled sample of helicopters be made a part of
each new helicopter development.
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-A study be conducted to determine the Optimum and'
minimum rate of test-hour accumulation for reliabiri'ty
failure rnonitoring activities on.*helicopters.

- helicopter reliabil-ity grow.th~evaluation be- conducted
on helicopters.manufactured by contractors other that,
Bell He1icopter,,Cp.mpapy., 'Thiswill determine whether
the findings in t-his; study'are. tyia f, other hibi-
copters and will d'eterfminep the a'pplicbiiy to oter>1 hblidopters of the keliability growth predictoteh
nique fbrmul'ted' in, this, .study.

A stuidy be condUct-ed to -examine wha c~n ion, if, any,
exis-ts betwen, the failui mode criticality ofjthe, cor-
rec:ted tprobleims' and 'the length of',time're quired -to
correcdt those problems. It may be revepaled' t'ha&t',hei-
copter keliabili ty grbwth is proportionate to failure
mode ~criticdlity.'
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APPENDIX 'A

FACTORS LEtAbING TO TERMINATION OF THE
OH-589ARELIABILITY GROWTH -EVALUATION ,

The OH-58A pOrtior 'of the study was discohtinuedwhen it was
determined that the.dbta sources available wouldnot provide the
required information to support a relibility gr6wth evaluation.
The OH-58A was not the subject of an M&Rfield pr6gram as were,
the UH-ID and AH-lG. - There is rfo period, in its history where a
failure monitoring and problem corrective action program was
conducted. There have been various test programs for the OH-58A.
Table A-1 presents a test-hoir summary. A 24006-hour reliability
and maintainability demonstration was conducted usingtwo FY 68

j OH-58A helicopters t6 demonstrate that the OH; 58A would meet its
maintainability and reliability guarantee§. Problem ideitifi-
cation and corrective action initiation were-incidental.'Al

i though seveial design changes were-made as a resuit of the
demonstration, that effort was not a development program. Had
there been a monitoring program to track the OH-58A reliability
growth following the 2400-hour demonstration, the FY 68 model
would have provided a baseline configuration to. which subsequent
FY models would have been compared. This could not be accomp-
lished. The most significant obstacle in tracking thegrowth of
the OH-58A was the lack of credible datacovering more than one
fiscal year model aircraft. It was believed that BHC's Dis-
crepancy/Malfunction Reporting System (failure reports from BHC
Service representatives and helicopter users) would-provide
sufficient data on aircraft subsequent to FY 68 models to
identi-fy problems and compute failure mode rates. -The data
proved to be inadequate on all of the models subsequent to FY 68.
This was due in part to Army termination of technical repre-

sentative contracts. It was at this point that the decision was
made to discontinue efforts on the OH-58A and to concentrate on
the UH-lD and AH-lG helicopters.
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APPENDIX B

A SUMMARY OF RESEARCHED MATERIAL NOT PRESENTED-
IN;THE'RELIABILITY GROWTH- STUDY TEXT,

A significant amount of material was, researched in support of
the helicopter reliability growth evaluatioh but was nft
presented in the text of this report. These researCh efforts
identified and eliminated those lines of investigation that
would not contribute to the study. It was known prior to the
execution of this contract that there existed a probability
that some-of the data ,sources investigated might not provide
useful infOrmation. This appendix presents a summary of those
research efforts including their intehded use and the reasons
for failure.

DATA TYPE

BHC Flight Test and Ground Vehicle Test Records.

Data Description

These data consist of many types of records of actiVity at the
BHC Flight Test Facility. Four types of records contain most
of the information. The first, Flight Sheet (BHC Form 7868.
55360, EXPERIMENTAL FLIGHT TEST RECORD), is filled out for
each flight or ground run. The flight sheet contains the
flight time, number of takeoffs and landings, total flight
time, total engine time, purpose, pilot's remarks, aircraft cg
and-gross weight, and other information pertaining: to the
aircraft configuration. The flight sheet also contains a
summary of maintenance and component changes since the pre-
vious flight. The second is the Flight Test Work-Sheet (BHC
Form 7878 55440). This form is used to record each main-
tenance action performed on the aircraft. The third and
fourth types of records are the Flight Test Engineer's Report
and the Flight Test Pilot's Report. These records are engi-
neering reports which describe the purpose of the test, how it
was conducted, and the results.

Intended Use in This Study

It was believed that these data could provide sufficient
information such as aircraft time and component failures to
establish an off-board MTBF for the aircraft models in this
study.
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Results

A review of these data revealed that even thoUgh each mainte-
nance action was recorded, it was not indicated if the maihte-
nance was required due to a failure or some type of nonfailure
cause. A significant amount of maintenance- ,data appears to-:be*
adjustments, inspections, and instrumentat-.on.

The data were not in a format that could-,be- readiry computer
processed. In order to be used for this study-, prohibitively
extensive research in the files of eachaircraft would be
required'

-DATA TYPE

TAERS (The Army Equipment Record System)
TAMMS (The Army Maintenance Management System)

Data Description

The BHC file of TAERS/TAMMS data consists of 65 reels of
magnetic tape containing approximately 12 million records
received from AVSCOM. These records are DA Form 2407 (Main-
tenance Requests), DA Form 2408 (Equipment Reocrds), and DA
Form 2410 (Component Removal and Repair/Overhaul Records), On
UH-1, AH-1, and OH-58A aircraft. They contain records of
maintenance actions performed on each of the types of aircraft
in the study.

IntendedUse in This Study

It was intended that the data be used to obtain MTBF and MTBR
values for aircraft systems and-components by aircraft produc-
tion lot. Since the maintenance and failure data on the
2407/08 form.,is recorded by Federal Stock Number (FSN). and
-nomenclature, it must be sorted by FSN/part number, cross -
referenced, and listed by part number before it is readily
usable. Since these records do not-contain a part-r-component
time, it is necessary to sort the data by aircraft seri~l
number and date or aircraft time to determine if the discrep-
ant part has been installed since new or has been previously
replaced. By subtracting the first reported aircraft time
from the last reported time for each aircraft, an approximate
time base can be established for a certain calendar period.
With the above tasks accomplished, it would be possible to
estimate-a part MTBF, MTBR, and reliability for a specific
aircraft production lot.

The 2410 records have both FSN and part number blocks and also
have blocks for part serial number and time and aircraft
serial number and time. However, these records are used only
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- for "reportable items," i.e., those parts with an established
Time Bet~ieen *Overhauls (TBO).

Results

The file -f .2407/08 -records was sorted, and those records con-
taining an FSN-were compared. to a file Of FSNs with corres-
ponding part numbers. Listings by aircraft'model for
particular time periods were generated. A reView of the

. 'istihgs. reveale' that a, large quantity -of the 2407/08 -records
contain no FSN. The nomenclature was n't descriptive enough
to determine the part number. Further, it was found that
-approximately one-half of thos6 2407/08 records with an FSN.
recorded-had invalid FSNs, i.e., the FSN did not have a cor-
responding part number on the cross-reference file. An invalid

I FSN may be the result of a wrong entry on the original form, a
missed keypunch, or part number -o3 serial number entered in
the FSN block.< Many of the remaining records were incomplete
or incorrect in other data entry blocks such as failure code,
aircraft serial number, and aircraft time. Therefore, the
data were not usable.

DATA TYPE

3-M- (Naval Aviation Maintenance and Materiel Management)
Maintenance Records

Data Description

The BHC file of 3-M Maintenance Records consists of 11 reels,
of magnetic tape containing approximately 3 million records
received from the Navy. These records are taken frbm the ,Navy
OPNAV Forms 4'790 on UH-lE, UH-lD, UH-lL, TH-iL, TH-57A, HH-lK,
UH-lN,, AH-lG, AH-IJ, and UH-lH aircraft. They contain records
of maintenance actions performed on each 'type'of aircraft
listed 'above. Several working files', of data sorted by type of
aircraft and type of data exist. Computerprograms process
these working files to provide listings b'y type of aircraft,
containing ma'intnenace action rates, failure rates, abort
rates, and maintenance man-hour data. These rates and main-
tenance man-hour data, are broken down by work unit code (WUC).

Intenddi Use in This Study

It -was intended that the data -be used to obtain-MTBF and MTBR
values for aircraft systems and components by aircraft produc-
tion lot.
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Result

Extensive' Computer programming would have 'been reiiired to ob-
tain the data listings in a usefu -ormat. FUrthel!, a review
of the raw data revealed that many records are incomplete or
incorrect in the- part number and part time data blocks, thus

making the entire record useless.

DATA TYPE

3-M (Naval Aviation Maintenance and Materiel Mnacgement)
Analysis Data

Data Description

These data are provided to BHC by the Navy ,and are, contained
on microfilm and computer tab runs and are in three different
formats.. The first,'"Fleet Weapons Reliability and Maintain-
ability Summary" (MSO 4390.A2142-0l), covers data on Bell
helicopters for the period from January 1967 through June
i9-73. This report is a six-,month , summary of the number of
maintenance actions and failures and the corresponding rates
for each work-unit code. It alsocontains flight time, total
maintenance man-hours, maintenance man-hours per flight hour,
and elapsed time per maintenance action.

The second, "Aviation High NOR/RMC Items" (4790.A2099-;0l),
data covers Bell aircraft from March 1972 through July 1973.These data are presented for each aircraft by command and by

Navy total, NOR and RMC time for scheduled and unscheduled
maintenance,. and NOR/RMC due to supply for the three high
items of system and the total aircraft.

The third, "Fleet Failure Summary" (4790.A2107-01),. a report
covering the most recent twelve-month period, is issued monthly.
The data cover September 1971 through July 1973. This analysis
lists the number of maintenance actions performed on each WUC.

Intended Use in This Study

The data were reviewed to determine if it was possible to
extract aircraft serial number, total time, part failures, and
part times.

Results

These data are a summary by aircraft type and WUC. They can-
not be used to establish a correlation between aircraft pro-
duction lot and part MTBF. Therefore, the data were of no
value to the study.
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DATA TYPE

Bell Helicoptei Bench Test Re cords

_DatA Descriptioni

Engiheerinq bench, test rep6rts and',lg books contain th
results of "befich teSting; The folio1wing ihformati'6n is,
contained in-the records-:

- Nomenclature of componenet undergoing test

- ' -Part number

Test conditions (stress level, etc.),

Failburation of test

- Success or failure statement

I - ialure mode if a kailure occurs

[ -occasionally, recommendations

intended Use in This Study

It was believed that the tests could provide sufficient data
to-establish early ,omponet, service life. The identifica-
tion of failure modes present in the, test was to be used to
establish the configuration changes occurring in hardware
prior to production. From this information, component relia-
bility growth during the development stage could be determined.

Results

Many of the coponents being tested were never intended to be
flight-quality hardware. Often, the tests being conducted
subjected the component to stresses that do not compare with
those encountered in normal service. Many were tests to de-
struction. Often, the records contained insufficient informa-
tion to be useful to the program.

DATA TYPE

Design Change Documents

Data Description

The Product Change Authorization (PCA) is the document at Bell
Helicopter Company which governs design changes. It iscreated
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-I following approval of an Engineerinq-Change Proposal (ECP).
The PCA is an administrative document whereas the ECP is' a
technical documerit.-

Intended Use in This Study

-Each- PCA and ECP appliOable to the helicopters in this ostudy
was to be examined to determine its impacti if any, on r41ia-
bkiity growth. Those that did result in a reliability
improvement were to be used to establish the c6nfiguration
changes that resulted in an MTBF unique to each FY model&

I * Results

It was found that the volume pf PCA's and, ECP's was too great
for the project manpower andi budget. Design changes are ihi-
tiated for a variety of reasons including advancement in .tate
of the art, safety, customer request,, specification violations,
cost reduction, prduct improvement, n'd reliability improve-
ment. -Detdrmini.. whether a PCA resulted in. imprbved relia-
bility pr not reraired lefigthy daca search and analysis. It
w S determined fhat the practical way to approach the problem
was to search for corrected problems andtokey those back to
the individual ECPis and PCA's to determine effectivities.
The configuration changes that resulted in-reliability improve-
ments Could then-be established.

--I - -DATA -TYPE,

D/MR (Discrepancy/Malfunction Report) for the OH-58A

Data Description

The D/MR (BHC Form 7871 57985) is used by BHC Service repre-
sentatives and customers to report problems/failures and to
request warranty consideration The D/MR form is-blocked for
keypunch and contains aircraft time and part time, serial
numbers, part number, and a description of the failure, a
known or suspected cause, and action taken. This information
is computer processed and listed by aircraft model.

Intended Use in This Study

Since there was no M&R field program performed on the OH-58A,
a cursory analysis of the D/MR data was conducted to determine
if it was suitable for use in this growth study.

The D/MR data for FY 68, FY 69 and FY 70 OH-58A aircraft was
reduced, and summary sheets were prepared containing failed
parts information used to calculate and plot MTBF versus
calendar time..
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Results

It was determined from'the above data review that the D/MR
J1 file did- not adequately cover any configuration.'beyond the

first OH-58A FY 68 configuration; therefore, no reliability
growth could be shown.

DATA'TYPE

Cqmponent-Overhaul Data

Data Description

BHC Reliability Engineering Group has files of Major Component
OverhaUl Data from overhauls at BHC and ARADMAC. The ARADMAC
data, supplied on listings from the, -Army, are keypurched and
added to the BHC files. The data are stored on two magnetic
tape files (.five reels) except for 12 file drawers o6f com-
pleted OSM 634 forms; One file, W6,400, contains removal data,
including aircraft serial number, part number,, time, component
serial number, -and other information relatedto the removal
for overhaul. The second' file, Z500, contains a record of
each part replaced during overhaul on a major componenet in
the W6400 file, including the reason for replacement.

Intended Use in This Study

- - These data were reviewed to determine if they could be-used
for configuration traceability of major components used on the
aircraft models involved in.this study. Other possible uses
included component failure identification, component time., and
-aircraft time.

Results

It was determined from the review that the data are accurateenough and complete enough to be used as intended; however,

because the data are applicable to only a relatively few
-components per aircraft, and because the large volume of data
is not readily researched, they were not used.
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APPENDIX-C

APPLICATION -OF THE-RELIABILITY GROWTH PREDICTION
TECHNIQUE TO A HYPOTHETICAL -HELICOPTER

The reliability growth prediction technique developed in
Section 4.'0 of this study has been applied to a hypothetical

Shelicpter. three different situatiris will be presented to{ illustratethe use of the predition- technique. The followili4
will be common to the first two situations. A new helicopter
has been-designed and fabricated. Several prototype aircraft
have been flight tested and initial production deliveries Wi-l
begin soon. A reliability and maintainability monitoring
program will use the first 30 helicopters available. The 30
helicopters will fl an average of 40 flight hours or more per
month. The data from these sample aircraft will be used in a
concerted, 6rganized-effort of problem identification afnd
corrective action.

Situation #1. Through flight test of the prototype aircraft
and predictions based on design changes to be incorporated on
the production aircraft, the off-board MTBF has been determined
to be 5.5 hours. The minimum acceptable MTBF is 8.4, hours.
How much reliability testing will be required to achieve the
minimum acceptable MTBF?

Given: Tt ( 1 MTBR . 139

MTBF = 5.5

MTB R = '8.4

Find Tt:

i 5. 5- hr 13
Tt=(T 8.4 hr 13

Tt = 2.5 calendar years

Test hour accumulation on the monitored fleet, T will be-HR' 1200 hr

T = (2.5 calendar yrs) x 12 mo/calendar yr x mo

T = 36,00 flight hours
HR
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Situation,#2. Through fligh test of the prototype aircraft
and through pedictions based on design changes to be i cor-
porated on the production aircraft, the off-board MTBF has
-been determined to ibe 9. 0 "hQurs. Funds hav been allocated
for a " 2-1/2-year M&R program. What will be the MTBF achieved
with 2-1/2 years of testing?

M T B F B.Given: Tt  (9MTBF )

TTB

Tt  2-1/2 years
-MTBFo ='9,. 0'

Find MTBFR MTBFOB

MTBFMBMBR 1 ."139 T t

M9.0
L [ R 1- .139'(2.5)

MTBF =13.8 hr

Situation #3. A new helicopter is being designed. The mature
MTBF requirement is 10.0 hours. There will be a reliability
monitoring program funded for 4 calendar years beginning with
production deliveries. What is the minimum Off-board MTBF that
must be achieved from the design effort and prototype testing
to meet the mature MTBF requirement in 4 calendar years of
testing?

MBF B
Given: T = MTBF

MTBF-R = 10.0

Tt - 4.0

166



I Find MTBF
0B

*1 TBF (iB (l .39T
OB t LJX) 1-.3

MTBF- (10) (1 - 139'(4)).
OB

MTBF =4A. fir
OB

How many calendar years of growth does this ~represent?

Giveny; t= - 1.618,'T

Tt 4

Find,:T

g 1.618(4)

'T =6,.5- Years
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GLOSSARY

1. Baseline Failure Rate (Xb) is the sum of the failure

rates of parts that are common to a group of similar
items, e.g.., components common to different fiscal year
production blocks 0f aircraft of -ihe same model.

2. Component is a basic assembly or part which performs a
function.

3. Failure is the inability of a Component or system to
satisfy performance or design specifications, given that
the equipment has previously experienced successful
operation or acceptance or has thd expectation of -suc"
cessful performance without adjustment, rework, or
replacement. Maintenance actions resulting from assembly
error by the manufacturer are considered failut'es. Main-
tenance actiohs resulting from unsatisfactory part condi-
tions that are not caused by (1) maintenance or operating
personnel, (2) objects external to the aircraft, or (3)
failures of components in another helicopter subsystem
are considered failures.

4. Failure Rate (X) is the number.of failures per unit time,,

Failures
Flight Hours

assuming that failure distribution of time to failure
is exponential,

5. Helicopter System is the helicopter, consisting of
all its systems.

6. Mean-Time-Between-Failures- (MTBF) is the average opera-
tional flight time in hours (for fleet or sample) between
failures. It is determined by dividing the total observed

- or monitored flight time by the number of failures observed
during that flight time.

Flight HoursMTBF - Failures

7. Observed Reliability is the reliability of the sample
of aircraftcalculated using the number of failures

- observed and flight hours accrued during a defined
elapsed calendar time.
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GLOSSARY - Cohd!Uded

8. Off-board MTBF is the -MTBF of a design that has been
-successfully'translated into flight-quality hardware.i For helicopters, the first flight is the time that the
design is considered off-board.

9. Production Effectivity is the identification, by first
delivered aircraft tail number for the fiscal year of
production, of the production incorporation of design
changes.

10. Reliability Growth is the increase in reliability with
time.

11. Subsystem is an installation or assembly of one or more
components whichperforms a function within a helicopter
system.

12. System Reliability is the probability that the end item
(helicopter), will fly for a specified time without in-
curring a failure in any subsystem or component which
would require unscheduled maintenance.

13. a. If reliability growth can be shown as a straight line
or lines on log-log paper, then a is the slope.

" loge (Yl/Y)
a eoge(Xl/y) where (x,y) and(xl, yl) are two points

on a line with a slope of a.
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